In this paper, the influence of plasma immersion titanium implantation into the zirconium alloy Zr-1Nb on the oxidation behavior at 400 • C for 5, 24, 72, and 240 h in air under normal atmospheric pressure (101.3 kPa) was shown. The influence of implantation on the protective properties of the modified layer was shown. The valence of the oxides before and after implantation was analyzed by means of X-ray photoelectron spectroscopy (XPS). Grazing incidence X-ray diffraction (GIXRD) was carried out to examine the phase composition after titanium ion implantation and oxidation. Differential scanning calorimetry (DSC) revealed that titanium implantation exhibited effects of stabilizing the β phase. The formation of the t-ZrO 2 and m-ZrO 2 was observed during the oxidation of the as-received and modified Zr-1Nb. The measurement of weight gain showed an improvement in oxidation resistance of Ti implanted Zr-1Nb at the oxidation up to 24 h when compared with that of the as-received Zr-1Nb. However, at longer oxidation cycle the oxidation rate of Ti-implanted zirconium alloy is the same with the as-received alloy, which attributed to the layer thickness. Nevertheless, the corrosion of the Ti-implanted alloy is more uniform, while a local corrosion and cracks was detected on the surface of the as-received alloy.
Introduction
Zirconium alloys (Zr-1Nb, Zr-2.5Nb, . . . . . . .) have been widely used in water-cooled nuclear reactors as structural and in-core components (fuel cladding, square channels, pressure-and calandria tubes, garter springs, and fuel spacer grids) due to low thermal neutron capture cross-section, excellent corrosion resistance, and acceptable mechanical properties at conventional operating temperatures (300-400 • C) [1, 2] . The main degradation issues for zirconium alloys are oxidation, hydrogen pick-up, and associated damage modes (hydrogenation, delayed hydride cracking, blistering), irradiation induced creep (axial and circumferential), and irradiation growth [3] [4] [5] [6] [7] [8] .
It is well-known that a thin native oxide film (2-5 nm) is formed on the surface of zirconium alloys, even at low temperatures [9] . The oxide film starts to grow, while the oxygen concentration exceeds the thermodynamic solubility. Despite this, the initial oxide layer reduces further development of the oxides, because the oxide film serves as barrier between zirconium and coolant. Transportation Figure 1 . Zr-Nb phase diagram [13] .
Simultaneously, the current trend towards higher burn-up of nuclear fuel mainly driven by economic incentive, significantly affects nuclear power engineering [15] . However, together with increasing burn-up, growing intensity of hydrogen pick-up and oxidation is observed. On the other hand, negative impacts such as intensive formation of cracks, deformation of the constructions, and texture changes happen [16] . Therefore, increasing burn-up and loss-of-coolant accident can shorten service time of zirconium alloys (operational life-time).
Nowadays, there are numerous methods applied for improving hydrogen and oxidation resistance, such as the addition of stabilizing additives (yttrium) [17, 18] , deposition of thin solid films [19] [20] [21] , micro-arc oxidation [22] , as well as the modification of the surface by electron beam treatment [23] . Despite the multiplicity of the methods these problems are still relevant. Plasma immersion ion implantation (PIII) is widely used for surface modifications; both, ion implantation and thin film deposition are used for various applications [24, 25] . During the PIII process, highly negative pulsed bias is applied to the target material, which accelerates the positively charged ions to very high velocities. The ion implantation method excludes the problem with pure adhesion of coatings on zirconium alloys [26] . PIII is used for treatment of three-dimensional (3-D) work pieces with complex shapes [27, 28] . Our previous results [29, 30] have shown positive influence of plasma immersion titanium implantation on the hydrogenation behavior into Zr-1Nb and Zr-2.5Nb. After Ti Figure 1 . Zr-Nb phase diagram [13] .
Nowadays, there are numerous methods applied for improving hydrogen and oxidation resistance, such as the addition of stabilizing additives (yttrium) [17, 18] , deposition of thin solid films [19] [20] [21] , micro-arc oxidation [22] , as well as the modification of the surface by electron beam treatment [23] . Despite the multiplicity of the methods these problems are still relevant. Plasma immersion ion implantation (PIII) is widely used for surface modifications; both, ion implantation and thin film deposition are used for various applications [24, 25] . During the PIII process, highly negative pulsed bias is applied to the target material, which accelerates the positively charged ions to very high velocities. The ion implantation method excludes the problem with pure adhesion of coatings on zirconium alloys [26] . PIII is used for treatment of three-dimensional (3-D) work pieces with complex shapes [27, 28] . Our previous results [29, 30] have shown positive influence of plasma immersion titanium implantation on the hydrogenation behavior into Zr-1Nb and Zr-2.5Nb. After Ti implantation, hydrogen is preferably accumulated in the modified surface layer consisted of the implanted Ti. Furthermore, the hydrogen concentration is considerably less in the modified sample than in the as-received samples. However, the effect of PIII of titanium on the oxidation behavior has not been studied yet. It is essential to study the oxidation behavior of this modified layer. According to the above mentioned, the purpose of this research is to investigate the influence of Ti implantation on surface morphology, oxidation rate, and phase structure of Zr-1Nb alloy after oxidation in air.
Experimental

Plasma Immersion Implantation of Titanium
The material of interest is Zr-1Nb (0.9-1.1 Nb, 0.09-0.12 O, Zr balanced, wt. %). The samples with fixed size of 1 mm thickness and 30 mm diameter were cut from rolled sheet and polished to the average roughness R a of 0.045 ± 0.005 µm using sandpaper and diamond paste in order to achieve similar roughness for all of the samples, and to exclude the influence of this parameter on the oxidation results [31] . PIII of Ti was carried out using "Raduga Spectr" technique (National Research Tomsk Polytechnic University, Tomsk, Russia) [29] . The coaxial plasma filter (National Research Tomsk Polytechnic University, Tomsk, Russia) was used to clean the metal plasma from the microdroplet fraction and to focus the plasma flow. The vacuum chamber was evacuated to a base pressure lower than 2.5 × 10 −3 Pa. Prior to implantation, the samples were cleaned by ion bombardment in argon glow discharge at 1500 V for 3 min in order to remove contamination from the surface. Ti (99.99% purity) from Magnetron AG (Moscow, Russia) was used as cathode material. Table 1 shows the parameters for Ti implantation. Time of implantation and bias voltage that were applied to the sample were chosen according to the hydrogenation results. Samples modified with these parameters have good hydrogen resistance [30] . The surface roughness before and after PIII of Ti are 0.045 ± 0.005 and 0.073 ± 0.008 µm, respectively. The average surface roughness R a was measured using a contact profilometer Hommel Tester T1000 (Jenoptik, Jena, Germany). Subsequently, three samples after PIII of Ti as well as three initial samples before implantation were heat treated at 400 • C for 5, 24, 72, and 240 h in air under normal atmospheric pressure (101.3 kPa) in a furnace (Nabertherm, Lilienthal, Germany). The weight of each sample was measured with an electronic balance M21S from Sartorius (Goettingen, Germany), and the average weight gain as function of the oxidation time was used to determine the oxidation resistance. A scanning electron microscope (SEM) from TESCAN Mira II (Brno, Czech Republic) with energy dispersive spectroscopy (EDS) analysis facility (Oxford Analysis, Wiesbaden, Germany) was used to investigate the surface morphology, as well as the entire oxide scale formed on the surface and its composition. For that purpose, cross-sections were prepared: the rectangular-shaped specimens were cut perpendicular to the surface out of the sample, embedded in epoxy resin and mechanically ground with SiC papers (gradation from 220 to 1200) and polished up to 3 µm. Subsequently, a solution of 260 mL OP-S (oxide polishing suspension of 0.04 µm), 40 mL H 2 O 2 , 10 mL HNO 3 , and 0.5 mL HF was used for the "mirror-like" surface finishing of the samples for 1.5 min. EDS was performed in a line scan with exposure time of 100 s per point.
Characterization
Differential scanning calorimetry (DSC) was used to compare the phase composition in the Zr-1Nb samples before and after titanium implantation. The DSC tests were performed using a DSC-404 F3 calorimeter (Netzsch, Selb, Germany). The DSC system was calibrated using the standard specimens of indium (melting point: 429.7 K), bismuth (melting point: 544.5 K), zinc (melting point: 629.6 K), silver (melting point: 1234.9 K), and gold (melting point: 1337.3 K), to ensure that the accurate temperature measurement within the heating temperature range. The samples were heated from room temperature up to 1050 • C with a heating rate of 10 • C/min under pure argon atmosphere (50 mL/min), in order to avoid oxidation of the samples. After heating, the samples were cooled to room temperature with the same rate. The DSC signals were analyzed to determine the influence of titanium implantation on the phase transformation.
Chemical composition of the surface and valence states was characterized by X-ray photoelectron spectroscopy (XPS) using an Axis Supra (Kratos Analytical, Manchester, UK) spectrometer. The maximum lateral dimension of the analyzed area was 0.7 mm. No charging neutralizer was used during the measurement. The spectra were analyzed without shifting of the binding energy (BE) scale. The spectra were acquired at pass energy of 40 eV. Fitting of XPS spectra was done with CasaXPS software after the subtraction of the Shirley-type background using Gaussian-Lorentzian (G-L) peaks with fixed G-L percentage of 30%. Values of binding energies (BEs) were taken from the literature [32, 33] . Fitting of Ti2p 3/2 spectrum was performed using four components: metallic titanium Ti • (BE = 454.1 ± 0.1 eV, FWHM = 0.9 ± 0.1 eV), Ti 2+ corresponding to titanium nitride TiN or suboxide TiO (BE = 454.9 ± 0.1 eV, FWHM = 1.3 ± 0.1 eV), Ti 3+ corresponding to suboxide Ti 2 O 3 (BE = 455.8 ± 0.1 eV, FWHM = 1.7 ± 0.1 eV), and Ti 4+ corresponding to TiO 2 (BE = 458.2 ± 0.1 eV, FWHM = 1.8 ± 0.1 eV). Fitting of Zr 3d 5/2 spectra was performed using the following components: Phase identification and structural investigations were performed using grazing incidence X-ray diffraction (GIXRD) with Cu Kα radiation (1.5410 Å wavelength) inside a D8 Discover (Bruker AXS, Karlsruhe, Germany) diffractometer in asymmetric mode at 40 kV, 30 mA with an incident beam angle of 3 • . Figure 2 shows representative DSC curves obtained for continuous heating of the samples before and after titanium implantation. Two transitions are visible. DSC peak analysis shows that in Zr-1Nb before implantation the first transformation takes place at a higher temperature (579.6 • C) than for the sample after PIII of titanium (Zr-1Nb+Ti) (565.1 • C). Furthermore, the heat flow for the Ti-implanted sample (Zr-1Nb+Ti) is sufficiently lower than for the as-received alloy. The low temperature transition is attributed to the thermal decomposition of the metastable niobium-stabilized β-phase.
Results and Discussion
Differential Scanning Calorimetry
The highest transition temperature, appears between 790 and 870 • C with peak at 839.6 • C for Zr-1Nb, and between 760 and 910 • C, with peak at 840.1 • C for Zr-1Nb+Ti, respectively. This transition temperature is caused by the phase transformation of hcp α-Zr to bcc β-Zr. The heat of phase transformation is sufficiently lower in the case of Zr-1Nb+Ti than without Ti. Beneš et al. [34] reported that the starting point of the α-β transition depends on the temperature (equilibrium state), as well as on the heating rate.
Canay et al. [35] indicated a temperature of 776 • C for α → α + β transformation of Zr-1Nb alloy in comparison to T α→β of 863 • C for pure Zr [36] , indicating that Nb stabilized the β-Zr phase. Furthermore, they found that addition of Sn stabilizes the β phase. Yang et al. [37] reported that both transformation temperatures T α→(α+β) and T (α+β)→β were lowered by Mo addition. Similar to the addition of Nb, Mo, and Sn [36] [37] [38] , implantation of Ti into Zr-1Nb alloys decreases both T α→(α+β) and T (α+β)→β temperature, respectively. Therefore, titanium exhibits effects of stabling β phase. 
X-ray Photoelectron Spectroscopy
The pristine surface of the zirconium alloy is mainly composed of zirconium oxide ZrO2 as O1s (Zr-O contribution at 530.4 eV) and Zr three-dimensional (3d) XPS curve fitting reveals (Figure 3 ). The BE of ZrO2 contribution within Zr 3d 3/2 and Zr 3d 5/2 spectra was about 185.9 and 183.6 eV, respectively. Zirconium suboxides (BE~180 eV), metallic zirconium (BE~178.8 eV) and some carbon contaminations are present at the surface. Even though the structure of the Zr3d exhibited very small changes, after Ti implantation the composition of the surface has significantly changed, as suboxides and metallic zirconium contributions were diminished. Ti2p and O1s signals suggest that a significant amount of titanium oxide is implanted into the material. The Ti2p XPS spectrum after implantation was fitted with the sum of the two components: Ti 4+ (TiO2) and Ti 3+ (Ti2O3). The concentration of Ti2O3 phase was so small that it becomes visual exclusively by a stronger Ti 2p 3/2 line. Due to higher relative sensitivity factor (RSF), and as a result, of higher signal to noise ratio and accuracy of Ti2p 3/2, only the results for Ti2p 3/2 fitting were reported.
The fitting of O1s XPS spectra revealed that the main oxygen environment is TiO2 or Ti2O3. The BE of oxygen is almost the same in both oxides (around 530.7 eV), and therefore it is impossible to distinguish the amount of O atoms linked to TiO2 or Ti2O3 structures. The contributions of oxygen at higher BE (532.5 and 533.2 eV) correspond to C=O and C-O environments, respectively. This is in good agreement with Peng et al. [39] who reported that the implanted titanium exists in the form of TiO2 and zirconium as ZrO2, too. 
The pristine surface of the zirconium alloy is mainly composed of zirconium oxide ZrO 2 as O1s (Zr-O contribution at 530.4 eV) and Zr three-dimensional (3d) XPS curve fitting reveals (Figure 3 ). The BE of ZrO 2 contribution within Zr 3d 3/2 and Zr 3d 5/2 spectra was about 185.9 and 183.6 eV, respectively. Zirconium suboxides (BE~180 eV), metallic zirconium (BE~178.8 eV) and some carbon contaminations are present at the surface. Even though the structure of the Zr3d exhibited very small changes, after Ti implantation the composition of the surface has significantly changed, as suboxides and metallic zirconium contributions were diminished. Ti2p and O1s signals suggest that a significant amount of titanium oxide is implanted into the material. The Ti2p XPS spectrum after implantation was fitted with the sum of the two components: Ti 4+ (TiO 2 ) and Ti 3+ (Ti 2 O 3 ). The concentration of Ti 2 O 3 phase was so small that it becomes visual exclusively by a stronger Ti 2p 3/2 line. Due to higher relative sensitivity factor (RSF), and as a result, of higher signal to noise ratio and accuracy of Ti2p 3/2, only the results for Ti2p 3/2 fitting were reported. ,b) , respectively) and Zr3d, O1s, and Ti2p curve fitting after Ti implantation ((c-e), respectively). Figure 4 shows surface morphologies of as-received Zr-1Nb before and after oxidation in air for 5, 24, 72 and 240 h. In Figure 5 the corresponding morphologies of zirconium alloy after PIII of Ti before and after oxidation with the above mentioned durations are given. The surface morphologies of the non-implanted and implanted samples are quite different. Occurrence of local corrosion with cracks is observed on the surface of as-received Zr-1Nb, even after 5 h of oxidation. This can be attributed to the transformation from t-ZrO2 to m-ZrO2, resulting in a micro-porous surface layer [40] . During oxidation the polishing traces on the surface are smoothened due to the growth of oxides. On the surface of the titanium implanted samples, microcracks appear after the first 24 h of oxidation. However, they are formed mainly on traces and surface defects left after grinding. The absence of local corrosion after PIII of titanium indicates a uniform oxidation of the surface for 240 h. The fitting of O1s XPS spectra revealed that the main oxygen environment is TiO 2 or Ti 2 O 3 . The BE of oxygen is almost the same in both oxides (around 530.7 eV), and therefore it is impossible to distinguish the amount of O atoms linked to TiO 2 or Ti 2 O 3 structures. The contributions of oxygen at higher BE (532.5 and 533.2 eV) correspond to C=O and C-O environments, respectively. This is in good agreement with Peng et al. [39] who reported that the implanted titanium exists in the form of TiO 2 and zirconium as ZrO 2 , too. Figure 4 shows surface morphologies of as-received Zr-1Nb before and after oxidation in air for 5, 24, 72 and 240 h. In Figure 5 the corresponding morphologies of zirconium alloy after PIII of Ti before and after oxidation with the above mentioned durations are given. The surface morphologies of the non-implanted and implanted samples are quite different. Occurrence of local corrosion with cracks is observed on the surface of as-received Zr-1Nb, even after 5 h of oxidation. This can be attributed to the transformation from t-ZrO 2 to m-ZrO 2 , resulting in a micro-porous surface layer [40] . During oxidation the polishing traces on the surface are smoothened due to the growth of oxides. On the surface of the titanium implanted samples, microcracks appear after the first 24 h of oxidation. However, they are formed mainly on traces and surface defects left after grinding. The absence of local corrosion after PIII of titanium indicates a uniform oxidation of the surface for 240 h. Figure 6 shows the results of weight-gain after oxidation for 5, 24, 72, and 240 h in air of asreceived Zr-1Nb and after PIII of Ti, respectively. The oxidation rate of the as-received Zr-1Nb after heat treatment between 5 h and 24 h is almost two times higher than the one of the alloy after PIII of Ti. During oxidation, the weight gain of all the samples should develop according to t 1/2 , if we assume that bulk diffusion of oxygen on the surface of the Zr1Nb alloy will be predominant. The weight gain Figure 6 shows the results of weight-gain after oxidation for 5, 24, 72, and 240 h in air of as-received Zr-1Nb and after PIII of Ti, respectively. The oxidation rate of the as-received Zr-1Nb after heat treatment between 5 h and 24 h is almost two times higher than the one of the alloy after PIII of Ti. During oxidation, the weight gain of all the samples should develop according to t 1/2 , if we assume that bulk diffusion of oxygen on the surface of the Zr1Nb alloy will be predominant. The weight gain of Zr-1Nb with implanted titanium rises for long oxidation time and converges to the values of the non-implanted samples. This can be attributed to phase formations different to the ones occurring in the as-received alloy as shown below. Another reason can be the low thickness of the modified layer. Complete oxidation of the layer does not significantly influence the oxidation kinetics in total. As a result, after oxidation for 72 h the weight gain of specimens that were modified at 1500 V for 15 min is higher than the one of as-received Zr-1Nb. However, this behavior (acceleration of the oxidation kinetics) of Zr-1Nb after Ti implantation is not observed after oxidation for 240 h and the weight gains of the specimens are within the margin error. Peng et al. [41] investigated the influence of aluminum ion implantation on the oxidation behavior of ZIRLO alloy (Nb 0.99 wt. %, Sn 0.98 wt. %, Fe 0.11 wt. %, Cr 0.008 wt. %, Si 0.003 wt. %, O 0.11 wt. %, C 0.007 wt. %, balanced with zirconium) in air for 120 min, and also observed the beneficial effect of implantation. However, his time of oxidation was significantly lower than the one in this study and implantation parameters used in his work significantly differ from the ones in our study (40, 80 , and 120 KeV). of Zr-1Nb with implanted titanium rises for long oxidation time and converges to the values of the non-implanted samples. This can be attributed to phase formations different to the ones occurring in the as-received alloy as shown below. Another reason can be the low thickness of the modified layer.
Surface Morphology
Weight-Gains
Complete oxidation of the layer does not significantly influence the oxidation kinetics in total. As a result, after oxidation for 72 h the weight gain of specimens that were modified at 1500 V for 15 min is higher than the one of as-received Zr-1Nb. However, this behavior (acceleration of the oxidation kinetics) of Zr-1Nb after Ti implantation is not observed after oxidation for 240 h and the weight gains of the specimens are within the margin error. Peng et al. [41] investigated the influence of aluminum ion implantation on the oxidation behavior of ZIRLO alloy (Nb 0.99 wt. %, Sn 0.98 wt. %, Fe 0.11 wt. %, Cr 0.008 wt. %, Si 0.003 wt. %, O 0.11 wt. %, C 0.007 wt. %, balanced with zirconium) in air for 120 min, and also observed the beneficial effect of implantation. However, his time of oxidation was significantly lower than the one in this study and implantation parameters used in his work significantly differ from the ones in our study (40, 80 , and 120 KeV). Figure 7 shows microstructures and EDS analyses of the cross-sections of the oxide/metal (O/M) interface on as-received Zr-1Nb alloy after oxidation in air at 400 °C for 24, 72, and 240 h, respectively. In Figure 8 the corresponding microstructures and EDS analyses after PIII of Ti and after oxidation in air at 400 °C for the above mentioned durations are given. Expanded cracks parallel to the O/M interface are observed in the oxide layer of as-received Zr-1Nb ( Figure 7 ). This is in good agreement with the experimental results of Likhanskii et al. [42] . These cracks near the O/M interface appear when a critical thickness of the oxide film was achieved. Ploc et al. [43] found similar small cracks close to the oxide/metal interface. Furthermore, mercury porosimetry under pressure indicates cracks or pores that are very close to the oxide/metal interface [44] . One possible reason for crack formation can be the oxidation of β-Nb precipitates leading to additional stress. Defects diffuse, annihilate and condensate under the effect of stress to form pores and micro-cracks within the oxide layer [45] . At the same time, there are no cracks or defects inside the oxide layers of Zr-1Nb after Ti implantation (Figure 8) . EDS analysis revealed a thickness of the Ti implanted layer of approximately 250-300 nm. (Figure 7 ). This is in good agreement with the experimental results of Likhanskii et al. [42] . These cracks near the O/M interface appear when a critical thickness of the oxide film was achieved. Ploc et al. [43] found similar small cracks close to the oxide/metal interface. Furthermore, mercury porosimetry under pressure indicates cracks or pores that are very close to the oxide/metal interface [44] . One possible reason for crack formation can be the oxidation of β-Nb precipitates leading to additional stress. Defects diffuse, annihilate and condensate under the effect of stress to form pores and micro-cracks within the oxide layer [45] . At the same time, there are no cracks or defects inside the oxide layers of Zr-1Nb after Ti implantation (Figure 8) . EDS analysis revealed a thickness of the Ti implanted layer of approximately 250-300 nm.
Microstructure of the Cross-Section of the Oxide Film before and after PIII of Ti
The oxide film after 24 h heat treatment on as-received Zr-1Nb is thinner than the one of Zr-1Nb after PIII of Ti. However, the oxide layer thickness of the as-received Zr-1Nb increases with an increasing duration of oxidation in comparison with the modified Zr-1Nb where the oxide film thickness remains nearly constant. The concentration of O near the top of the surface increases from 55 at. % (24 h) to 78 at. % (240 h) for the as -received Zr-1Nb. At the same time, the oxygen concentration is about 38 at. % (24 h) and 70 at. % (72 h and 240 h) for Zr-1Nb after implantation. The oxide film after 24 h heat treatment on as-received Zr-1Nb is thinner than the one of Zr-1Nb after PIII of Ti. However, the oxide layer thickness of the as-received Zr-1Nb increases with an increasing duration of oxidation in comparison with the modified Zr-1Nb where the oxide film thickness remains nearly constant. The concentration of O near the top of the surface increases from 55 at. % (24 h) to 78 at. % (240 h) for the as -received Zr-1Nb. At the same time, the oxygen concentration is about 38 at. % (24 h) and 70 at. % (72 h and 240 h) for Zr-1Nb after implantation. Figure 9 shows the diffraction patterns of both, as-received Zr-1Nb and Zr-1Nb after Ti implantation, after oxidation. After titanium implantation, exclusively α-Zr reflections with hexagonal close-packed (HCP) crystal lattice were detected. After oxidation, formation of stable monoclinic zirconium dioxide m-ZrO2 and tetragonal zirconium dioxide t-ZrO2 is observed. The The oxide film after 24 h heat treatment on as-received Zr-1Nb is thinner than the one of Zr-1Nb after PIII of Ti. However, the oxide layer thickness of the as-received Zr-1Nb increases with an increasing duration of oxidation in comparison with the modified Zr-1Nb where the oxide film thickness remains nearly constant. The concentration of O near the top of the surface increases from 55 at. % (24 h) to 78 at. % (240 h) for the as -received Zr-1Nb. At the same time, the oxygen concentration is about 38 at. % (24 h) and 70 at. % (72 h and 240 h) for Zr-1Nb after implantation. Figure 9 shows the diffraction patterns of both, as-received Zr-1Nb and Zr-1Nb after Ti implantation, after oxidation. After titanium implantation, exclusively α-Zr reflections with hexagonal close-packed (HCP) crystal lattice were detected. After oxidation, formation of stable monoclinic zirconium dioxide m-ZrO2 and tetragonal zirconium dioxide t-ZrO2 is observed. The Figure 9 shows the diffraction patterns of both, as-received Zr-1Nb and Zr-1Nb after Ti implantation, after oxidation. After titanium implantation, exclusively α-Zr reflections with hexagonal close-packed (HCP) crystal lattice were detected. After oxidation, formation of stable monoclinic zirconium dioxide m-ZrO 2 and tetragonal zirconium dioxide t-ZrO 2 is observed. The intensity of the α-Zr reflexes decreases with increasing oxidation time, while the intensities of the m-ZrO 2 and t-ZrO 2 reflexes rise. Such behavior is caused by an increasing thickness of the oxide layers.
X-ray Diffraction Analysis
After oxidation for 5 h, the intensity of zirconium oxide reflections is more intensive for the sample with PIII of Ti than the one of the as-received specimen. Formation of t-ZrO 2 reflexes in as-received Zr-1Nb is observed. After Ti implantation, only m-ZrO 2 occurs. However, after 24 h oxidation the intensity of m-ZrO 2 increases and phases of t-ZrO 2 appear in the titanium implanted samples. Despite this, the intensity growth of zirconium oxides is faster on as-received Zr-1Nb than on Zr-1Nb after Ti implantation. Moreover, an additional reflex of t-ZrO 2 (002) appears on as-received Zr-1Nb during oxidation. XRD combined with the presence of a t-NbO 2 peak whose intensity decreases with further oxidation. In the case of Zr1Nb after implantation, the peak nearly disappears after 24 h. In contrast to other publications no more Nb 2 O 5 oxide was observed. Yao et al. [45] reported that β-Nb precipitates firstly oxidize to NbO 2 and further to Nb 2 O 5 . Additional stresses will be higher if β-Nb oxidizes to Nb 2 O 5 .
It is known that t-ZrO 2 has low stability. If t-ZrO 2 is stabilized by the compressive stress within the oxide, t-ZrO 2 transforms into the monoclinic m-ZrO 2 . During the rising of the oxide film on the surface the lattice misfit becomes larger. When the stress has accumulated to some critical value, inside the oxide film the shear resulting from twinning during transformation leads to microcracking and fresh oxygen can enter the matrix and react with zirconium [46] . Peng et al. [47] reported that after implantation of carbon tetragonal zirconia (T-ZrO 2 ) was still present and the samples were oxidized to black color.
The existence of titanium inside zirconium can influence the oxidation process, which is very important for applications in nuclear reactors. Ti 4+ might substitute Zr 4+ to form TiO 2 . The formation of TiO 2 after titanium implantation in zirconium alloys was shown in [48] . There are two possible reactions for the formation of Ti 3+ out of Ti 4+ . A Ti 4+ ion can receive a photoelectron and transform to Ti 3+ . The other possibility is due to loss of oxygen from the surface of TiO 2 during annealing in vacuum condition, thermal treatment under reducing atmosphere (H 2 , CO), or by bombardment using electron beam, neutrons, or γ-rays [49] . In both processes, Ti 4+ ions receive electrons from reducing gases or lattice oxygen, usually removed from stoichiometric TiO 2 . Ti 4+ ions became incorporated into the structure of tetragonal zirconia (T-ZrO 2 ), hindering monoclinic phase transition [50] .
The addition of other elements into the zirconium lattice can influence the valence of the surface and change corrosion and oxidation rates of the alloys. It is well-known that t-ZrO 2 or cubic c-ZrO 2 can be stabilized at room temperature by addition of lower valence oxides (usually Y 2 O 3 ) to form anion conducting solid solutions in presence of oxygen vacancies [51] [52] [53] . According to the results presented in this work, it can be concluded that the addition of titanium can stabilize ZrO 2. In diverse publications, several mechanisms have been proposed to explain this phenomenon [54] [55] [56] [57] [58] [59] . As consequence of the structural changes caused by Ti 4+ inside the ZrO 2 lattice, several authors [56] [57] [58] [59] report that a reduction of free oxygen vacancies occurs in TiO 2 doped zirconia. According to our previous paper [60] , the defect structure after Ti implantation is represented by a gradient distribution of the open volume defects (vacancies, clusters or dislocations), which could stabilize t-ZrO 2 .
In this research the formation of t-ZrO 2 and m-ZrO 2 is observed before and after Ti implantation. However, the growth of unstable t-ZrO 2 and stable m-ZrO 2 decreases after Ti implantation. T-ZrO 2 appears only after oxidation for 24 h on modified Zr-1Nb. This behavior can be associated with the stabilization of zirconium after Ti implantation. In addition, the weight gain of Zr-1Nb after Ti implantation is lower after oxidation for 5 h. Despite the intensive growth of oxide film thickness, the surface morphology has fewer cracks on the surface and corrosion is more homogeneous after Ti implantation. The cross-section microstructure of the O/M interface does not contain cracks or defects within the oxide layers of modified Zr-1Nb. The increase in the oxidation rate of implanted Zr-1Nb after 5 h oxidation can be related to more intensive oxidation of the zirconium alloy outside of the modified layer because the implanted titanium layer is very thin (~250-300 nm). Furthermore, enhanced corrosion resistance of implanted Zr-1Nb can be associated with the formation of defects and crystal lattice distortions during implantation, like the change of compressive and tensile stresses within the oxide/metal interface [48] . 
Conclusions
In this study, the influence of plasma immersion titanium implantation into the zirconium alloy Zr-1Nb on the oxidation in air at 400 • C for 5, 24, 72, and 240 h under normal atmospheric pressure is described. Before oxidation, Ti and Zr are bonded in oxides inside the surface layer. The depth of the Ti-modified layer was approx. 250-300 nm. Ti implantation positively effects the corrosion resistance of Zr-1Nb alloy until 5 h of oxidation, where the weight gain is decreased by~2 times. Further oxidation shows intensive increase in weight gain of Zr-1Nb after Ti implantation and the oxidation behavior becomes similar to the one of the untreated alloy. In general, oxidation of the Ti-implanted alloy proceeds more constant without cracking and local corrosion than in the untreated alloy, where local corrosion and cracks were detected on the surface and within the cross-section. Despite the stabilizing effect of TiO 2 on the t-ZrO 2 phase, only m-ZrO 2 phase was measured by means of XRD after oxidation for 5 h. It is supposed that the increase in oxidation rate of the Ti-implanted alloy after 5 h is caused by the formation of unstable t-ZrO 2 within the deeper layers of the alloy. Since the modified layer is already fully oxidized, compressive and tensile stresses occur within the oxide/metal interface. The formation of both t-ZrO 2 and m-ZrO 2 was observed during oxidation of the as-received Zr-1Nb over the entire oxidation time interval.
Plasma immersion titanium implantation is a promising method to protect Zr-1Nb alloy from oxidation, however, the protective properties are limited by the implantation depth. In order to improve the long term oxidation behavior of Zr-1Nb, the implantation depth should be increased by the optimization of the implantation parameters. Alternatively, additional treatments (nitriding, coating deposition, etc.) are necessary. Afterwards, in the case of higher burn up, implanted layers should increase the working time and positively affect the hydrogenation resistance. Further investigations on this topic are planned for the near future.
